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ABSTRACT: One of the methods for strengthening square concrete columns is shape 5 
modification. The method involves modification of the column cross-section from square to 6 
circular by bonding concrete segments and then wrapping the column with fiber reinforced 7 
polymer (FRP). This paper investigates experimentally the applicability of the shape 8 
modification (circularization) for square hollow reinforced concrete (RC) specimens under 9 
different loading conditions. Five groups of four hollow RC specimens made from normal 10 
strength concrete were cast and tested. The specimens in the first group (N) were RC hollow 11 
specimens, which served as reference specimens. The corners of the specimens in the second 12 
group (RF) were rounded to 20 mm and wrapped with two layers of carbon FRP (CFRP). The 13 
specimens in the third group (CF) were circularized and wrapped with two layers of CFRP. 14 
The specimens in the fourth group (VCF) were bonded with one CFRP strap longitudinally 15 
on each side and then circularized and wrapped with two layers of CFRP. The specimens in 16 
the fifth group (HCF) were wrapped with one layer of CFRP and then circularized and 17 
wrapped with two layers of CFRP. The results showed that circularization increased the 18 
strength and ductility of the hollow specimen. Transverse wrapping with CFRP mainly 19 
improved the performance of the specimens under concentric axial loadings, while the 20 
longitudinal CFRP straps mainly improved the performance of the specimens under eccentric 21 
axial loading. 22 
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Introduction 33 
 34 
Retrofitting and upgrading existing structures may be required due to the deterioration of the 35 
structures, adoption of new design code requirements and increase in the load demand. Fiber 36 
reinforced polymer (FRP) has been used for the last few decades for retrofitting and 37 
upgrading concrete structures. FRP is preferred to other materials as FRP possesses low 38 
weight with high strength and high corrosion resistance. FRP can be used to enhance the 39 
performance of concrete members of different shapes under various loads, as FRP can be 40 
wrapped around various shapes in different directions. Wrapping FRP materials transversely 41 
around columns provides confinement to the concrete, which increases the strength and 42 
ductility of the column (Yazici and Hadi 2009). The confinement effect subjects the concrete 43 
in a solid column into a tri-axial state of stress. 44 
 45 
The RC columns and piers with hollow cross-sections maximize the strength-mass and 46 
stiffness-mass ratios and reduce the weight demand on foundation. Hollow RC columns 47 
possess high torsional and bending stiffness. Hollow RC columns are usually preferred when 48 
the construction of a tall column is required. The construction cost of the structure with 49 
hollow columns is considerably less (Sheikh et al. 2007). However, the behavior of hollow 50 
columns is different from the behavior of solid columns due to the presence of an inner hole. 51 
 52 
It is well known that wrapping FRP transversely provides higher level of confinement in 53 
circular columns than non-circular columns (Rochette and Labossiere 2000; Harries and 54 
Carey 2003; Kusumawardaningsih and Hadi 2010; Silva 2011; Faustino et al. 2014; 55 
Colajanni et al. 2014). The higher confinement for circular column than non-circular column 56 
is due to the uniform distribution of confinement pressure around the circular cross-section. 57 
In contrast, for non-circular cross-sections, the confinement pressure is much higher at the 58 
corners than on the flat sides. The high confinement pressure at the corners causes premature 59 
failure of FRP due to stress concentrations. Similar to solid columns, wrapping the circular 60 
hollow columns results better enhancement in strength and ductility than the non-circular 61 
hollow columns (Yeh and Mo 2005; Kusumawardaningsih and Hadi 2010). 62 
 63 
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Several research studies investigated the modification of the non-circular columns into 64 
circular or elliptical columns before FRP wrapping (Priestley and Seible 1995; Saadatmanesh 65 
et al. 1997; Yan et al. 2006; Pantelides and Yan 2007; Yan and Pantelides 2011; Hadi et al. 66 
2012a; Pham et al. 2013; Alsayed et al. 2014). These studies on shape modification revealed 67 
that changing the non-circular cross-section of the column into a circular cross-section before 68 
FRP wrapping enhanced the performance of the FRP wrapped columns. 69 
 70 
Priestley and Seible (1995) investigated experimentally the shape modification by bonding 71 
precast concrete bolsters to the solid square column and wrapping the new circular column 72 
with FRP. Priestley and Seible (1995) found that the shape modification enhanced the 73 
performance of columns. Yan et al. (2006) and Yan and Pantelides (2011) also investigated 74 
the shape modification of the column cross-section from square to circular. Expansive cement 75 
was used to fill the gap between the square column and the circular FRP shell. Yan et al. 76 
(2006) and Yan and Pantelides (2011) reported that, after circularization, the concrete 77 
confinement changed from passive to active. Also the axial load-axial deformation behavior 78 
of the column changed from softening to hardening.  79 
 80 
Hadi et al. (2012b) modified the square cross-section of the solid column into circular cross-81 
section by adding four precast concrete segments on the sides of the square column and 82 
wrapped the modified column with FRP. Hadi et al. (2012b) used the same concrete batch for 83 
the column and the segments. Modifying the cross-section of the solid column from square to 84 
circular enhanced the performance of the column in terms of strength and ductility. Pham et 85 
al. (2013) found that increasing the strength of the concrete segments increased the load 86 
carrying capacity of the circularized solid columns. Moran and Pantelides (2012) analytically 87 
investigated the ultimate stress and strain of shape modified (elliptical and circular) FRP 88 
confined solid concrete sections and found that FRP reinforcement ratio required to change 89 
the behavior of concrete column from softening to hardening depended on the unconfined 90 
concrete strength, FRP modulus and the aspect ratio of the cross-section.  91 
 92 
Columns may be subjected to eccentric loadings due to the position of the column in the 93 
structure. Increasing load eccentricity reduces the confined parts of the column cross-94 
sectional area. As a result, the load eccentricity reduces the confinement level of the FRP 95 
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wrapped columns. Therefore, the confinement provided by FRP are achieved mainly when 96 
the column is loaded concentrically or when the load eccentricity is small (Li and Hadi 2003; 97 
Hadi 2006b; Hadi 2006a; Hadi 2007; Bisby and Ranger 2010). However, attaching FRP 98 
straps longitudinally on the columns enhances the flexural strength of columns under 99 
eccentric loading (Chaallal and Shahawy 2000; Hadi 2007; Fitzwilliam and Bisby 2010; Hadi 100 
and Widiarsa 2012; Hadi and Le 2014). 101 
 102 
The above literature review shows that shape modifications were carried out only on square 103 
or rectangular solid columns. This study investigates the applicability of the circularization 104 
technique on square hollow columns under different loading conditions. 105 
 106 
Experimental Program 107 
 108 
Design of Specimens 109 
 110 
A total of twenty square hollow RC specimens were cast and tested in the High Bay 111 
Laboratory at the University of Wollongong, Australia. The specimens were 800 mm height 112 
and 150 mm x 150 mm cross-section with a square hole of 50 mm x 50 mm at the center. The 113 
dimensions of the tested specimens were chosen to suit the capacity of the laboratory testing 114 
facilities. The RC compression member with a ratio of the clear height to the maximum plan 115 
dimension of the support equal to or greater than 2.5 is considered as column in Canadian 116 
Highway Bridge Design Code CAN/CSA S6-06 (CSA 2006). Also, in ACI 318-11 (ACI 117 
2011), RC columns are defined as RC members that sustain axial load with height-to-least 118 
lateral dimension ratio greater than 3. The height-to-lateral dimension of the specimens tested 119 
in this study was about 5.3. The unsupported wall length to thickness ratio was 1, which 120 
ensured that the mode of failure of the compression flange is the crushing of concrete instead 121 
of the local buckling (Taylor et al. 1995). Hence, the results presented in this paper should be 122 
translated with caution for thin wall and very slender hollow RC columns. 123 
 124 
The specimens were divided into five groups of four specimens. The first group (Group N) 125 
served as reference square hollow RC specimens. The specimens in the second group (Group 126 
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RF) were constructed with 20 mm round corners and afterwards wrapped with two layers of 127 
CFRP. The specimens in the third group (Group CF) were circularized by bonding four 128 
precast concrete segments on the sides and afterwards wrapped with two layers of CFRP. The 129 
specimens in the fourth group (Group VCF) were bonded with one longitudinal CFRP strap 130 
on each side and then circularized by bonding four precast concrete segments. Afterwards, 131 
the specimens were wrapped with two layers of CFRP. The specimens in the fifth group 132 
(Group HCF) were wrapped with one layer of CFRP and then circularized with four precast 133 
concrete segments. Afterwards, the specimens were wrapped with two layers of CFRP. Three 134 
specimens from each group were tested as columns under concentric, 25 mm eccentric and 50 135 
mm eccentric axial loadings. The eccentricity of axial load has been chosen based on the 136 
available test apparatus at the laboratory. The last specimen from each group was tested as a 137 
beam under four-point loading. 138 
 139 
The specimen labels consist of two parts in Table 1. The first part (N, RF, CF, VCF and 140 
HCF) refers to the name of the group. The second part refers to the loading conditions: 0 141 
refers to concentric loading, 25 refer to 25 mm eccentric loading, 50 refers to 50 mm 142 
eccentric loading and F refers to four-point loading. For example, Specimen VCF-0 refers to 143 
the concentrically loaded hollow specimen, which was strengthened with longitudinal CFRP 144 
straps (one on each side of the specimen). Specimen VCF-0 was circularized with concrete 145 
segments and afterwards wrapped with two layers of CFRP. Specimen HCF-50 refers to the 146 
50 mm eccentrically loaded hollow specimen, which was wrapped with one layer of CFRP. 147 
Specimen HCF-50 was circularized with concrete segments and afterwards wrapped with two 148 
layers of CFRP. The test matrix of all specimens is shown in Table 1 and the details of the 149 
specimens are shown in Fig. 1. 150 
 151 
The specimens were reinforced with 4N12 bars (12 mm deformed steel bars) as the 152 
longitudinal reinforcement. The R6 bars (6 mm plain steel bars) were used as transverse 153 
reinforcement with a pitch of 60 mm. The reinforcement arrangement has been chosen 154 
considering that the specimens require retrofitting according to AS 3600 (2009). The concrete 155 
clear covers were 17 mm on the sides and 20 mm at the top and bottom of the specimens. 156 
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 157 
The formwork of the square hollow specimens was made from plywood. The square hole was 158 
created from foam with 800 mm height and 50 mm x 50 mm cross-section. The foam was 159 
aligned longitudinally in the center of the specimens by inserting a 16 mm steel rod through 160 
the foam. The foam was fixed in the center of the base plate. The base plate had a square hole 161 
to prevent the foam from rotating. The round corners of Group RF were created by gluing 162 
arched parts made from foam with 20 mm radius and 800 mm height on the inner corners of 163 
the square formwork. The concrete segments were made by fitting square frames into 164 
polyvinyl chloride (PVC) pipes of 212 mm inner diameter and 800 mm height. The square 165 
frames were made from plywood with 800 mm height and 150 mm x 150 mm cross-section. 166 
Each PVC pipe created four precast concrete segments. The details of the formworks are 167 
shown in Fig. 2. 168 
 169 
Material Properties  170 
 171 
The ready mix concrete with nominal compressive strength of 40 MPa at 28 days was 172 
provided by a local supplier. The maximum aggregate size of concrete was 10 mm. Three 173 
standard solid concrete cylinders of 100 mm diameter and 200 mm height were tested to 174 
determine the compressive strength of concrete according to AS1012.9 (1999). The average 175 
compressive strength of concrete on the 28
th
 day was 40 MPa and the average compressive 176 
strength of concrete during testing was 47 MPa. 177 
 178 
Unidirectional CFRP of 100 mm width and 0.45 mm thickness was used for wrapping the 179 
specimens. The mechanical properties of the CFRP were determined by flat coupon tests 180 
according to ASTMD7565 (2010). The average width of the coupons was 25.4 mm. The 181 
average maximum tensile force per unit width and the average strain at the maximum tensile 182 
force were 1102 N/mm and 0.016 mm/mm, respectively. The average modulus of elasticity 183 
was 67.5 kN/mm. 184 
 185 
To determine the mechanical properties of the reinforcing steel, three specimens of 500 mm 186 
length from each of the N12 deformed steel bars and R6 plain steel bars were tested 187 
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according to AS 1391 (2007). The average tensile yield strength of the N12 and R6 steel bars 188 
was 570 and 478 MPa, respectively. 189 
 190 
Preparation of Specimen 191 
 192 
The surfaces of the specimens and concrete segments were cleaned to ensure clean and 193 
smooth surfaces. Longitudinal CFRP straps were attached to the sides of the specimens of 194 
Group VCF by epoxy resin and hardener at a ratio of 5∶1 (one longitudinal CFRP strap on 195 
each side of the square specimen). The specimens of Group HCF were wrapped with one 196 
layer of CFRP. Afterwards, the square cross-section of the specimens in Groups CF, VCF, 197 
and HCF were changed into circular cross-section by bonding four precast concrete segments 198 
on the sides of the specimens. The segments were held onto the sides of the specimens by 199 
using steel rings. All specimens, except the specimens of the reference group (Group N), 200 
were wrapped with two layers of CFRP. 201 
 202 
The specimens were wrapped with CFRP by wet-layup method. The adhesive used was a 203 
mixture of epoxy resin and hardener at a ratio of 5∶1. A 100 mm overlap was maintained at 204 
the second layer. To prevent premature failure at the top and bottom of the specimens during 205 
testing, the top 100 mm and bottom 100 mm of all specimens were wrapped with two layers 206 
of CFRP. Fig. 3 shows the specimen preparation. 207 
 208 
Testing of Specimens 209 
 210 
Three specimens from each group were tested as columns under concentric, 25 mm eccentric 211 
and 50 mm eccentric axial compression. One specimen from each group was tested as a beam 212 
under four-point loading. The universal Denison testing machine with 5000 kN capacity was 213 
used to determine the axial load-axial deformation behavior of the specimens. The specimens 214 
tested as columns were capped at both ends with high-strength plaster to ensure an even 215 
distribution of the applied load on the loaded face. The beam specimens were tested under 216 
four-point loading over a clear span of 700 mm with a shear span of 233 mm. It is noted that 217 
the response of the beam specimens might not be due to the pure bending, as the shear span-218 
to-depth ratio of specimens was low. However, the dimensions of the specimens tested under 219 
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four-point loading were kept the same as the other specimens tested under concentric and 220 
eccentric axial loads for uniformity and consistency. Due to the relatively small span-to-depth 221 
ratio of the tested specimens, two layers of CFRP sheets were applied in the shear span of 222 
Specimens RF-F, CF-F, VCF-F and HCF-F to avoid shear failure and to minimize the effect 223 
of the shear-induced deflection at midspan. The CFRP sheets were also applied in the shear 224 
span of the reference Specimen N-F to ensure consistent comparisons. 225 
 226 
The eccentric loadings were applied through special loading heads. The details of the loading 227 
head can be found in Hadi and Widiarsa (2012). Circular loading heads were used for testing 228 
the circular column specimens while square loading heads were used for testing the square 229 
column specimens. Two loading systems were used for testing the specimens as beams under 230 
four-point loading. The circular system developed by Yazici and Hadi (2009) was used for 231 
testing the circular beam specimens. The square system developed by Hadi and Widiarsa 232 
(2012) was used for testing the square beam specimens. The details of test setup and 233 
instrumentation are as shown in Fig. 4.  234 
 235 
To determine the displacement of the column specimens during the testing, two Linear 236 
Variable Differential Transducers (LVDTs) were attached to the corners of the lower moving 237 
plate of the compression testing machine. The lateral deflection of the eccentrically loaded 238 
column specimens and the midspan deflection of the tested beam specimens were measured 239 
by using a laser triangulation. The laser triangulation was located at the mid-height of the 240 
specimens tested as columns and under the midspan of the specimens tested as beams. The 241 
laser triangulation and LVDTs with an accuracy of 0.2% were connected to a data logger 242 
which was connected to a computer. The specimens were preloaded under a force controlled 243 
load application at 2 kN/s to 10% of the estimated ultimate load. The specimens were then 244 
unloaded to 20 kN at the same rate. Afterwards, all specimens were tested to failure under a 245 
displacement controlled load application at 0.3 mm/minute. 246 
 247 
Experimental Results  248 
 249 
Failure Modes of the Tested Specimens 250 
 251 
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All specimens were tested to failure. For the concentrically loaded specimens, the failure of 252 
Specimen N-0 was brittle and marked by spalling of concrete cover and buckling of 253 
longitudinal steel reinforcement.  254 
 255 
The failure of Specimens RF-0, CF-0, VCF-0 and HCF-0 was initiated by stretching of the 256 
CFRP followed by a snapping sound due to the rupture of CFRP when the axial load 257 
approached the ultimate axial load. The rupture of the CFRP was in the corners of Specimen 258 
RF-0, while the rupture of the CFRP was distributed around the circular cross-section of 259 
Specimens CF-0, VCF-0 and HCF-0. The failure of Specimens CF-0, VCF-0 and HCF-0 at 260 
ultimate axial load was sudden and accompanied by an explosive sound. It was observed by 261 
visual inspection that after testing the dilation of concrete in Specimens CF-0, VCF-0 and 262 
HCF-0 was more than the dilation of Specimens RF-0, which revealed the higher 263 
confinement of the circularized column specimens. Fig. 5 shows the failure mode of the 264 
concentrically tested specimens. 265 
 266 
For the eccentrically loaded specimens, the failure of Specimen RF-25 did not show any 267 
rupture of the CFRP except the appearance of CFRP ripples in the compression side.  For 268 
Specimen RF-50, the failure was initiated by the rupture of the CFRP in the compression side 269 
which revealed the buckling of longitudinal steel reinforcement and crushing of concrete in 270 
the compression side. Cracking of concrete in the tension side of Specimens RF-25 and RF-271 
50 was observed during the testing. The failure of Specimens CF-25, CF-50, VCF-25, VCF-272 
50, HCF-25 and HCF-50 was initiated by the rupture of the CFRP, crushing of concrete and 273 
buckling of longitudinal steel in the compression side. Afterwards, cracking of concrete 274 
appeared in the tension side when the axial load approached to the ultimate axial load. 275 
 276 
The failure of Specimens CF-25, CF-50, VCF-25, VCF-50, HCF-25 and HCF-50 occurred in 277 
the mid-height of the specimens. The rupturing and debonding of the CFRP layers revealed 278 
the expansion of the concrete. Fig. 6 and Fig. 7 show failure mode of the 25 mm and 50 mm 279 
eccentrically tested specimens, respectively. 280 
 281 
For Specimens VCF-25 and VCF-50, the failure in the tension side was observed to be 282 
initiated with kinking sounds before the appearance of any cracks. The kinking sound was 283 
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due to the rupture of the longitudinal CFRP straps. After the appearance of concrete cracks, 284 
the kinking sounds continued with the drop in the axial load due to the subsequence rupture 285 
of CFRP straps in the sides of the columns. 286 
 287 
The failure of Specimen N-F was initiated by cracking of concrete in the tension side and 288 
crushing of concrete and spalling of concrete cover in the compression side. The failure of 289 
Specimens RF-F, CF-F, VCF-F and HCF-F was initiated by cracking of concrete in the 290 
tension side and rippling of the CFRP in the compression side. The load of Specimen VCF-F 291 
fluctuated after the first peak load due to the subsequence rupturing in the fibers of the CFRP 292 
in the sides of the specimen. Fig. 8 shows the failure mode of the specimens tested under 293 
four-point loading. 294 
 295 
Load-Deformation Behavior 296 
 297 
Table 2 summarizes the results of the specimens tested under concentric axial compression. 298 
The axial load-axial deformation behavior of the concentrically loaded specimens is shown in 299 
Fig. 9. The results show that the CFRP wrapping enhances the performance of the specimens 300 
in terms of ultimate load and ductility. Ductility of the specimens was determined as the ratio 301 
of the axial deformation at 85% of the post ultimate load (δu) to the deformation at the yield 302 
(δy) (Sheikh and Légeron 2014). The (δy) is defined as the yield deformation corresponding to 303 
the intersection point of a horizontal line from the first peak load and an extension line 304 
between the origin and the point representing 0.75 times the peak load. The yield load 305 
corresponding to the yield deformation represents the approximate limit of the elastic 306 
behavior of the specimens (Foster and Attard 1997). 307 
 308 
Specimens CF-0, VCF-0 and HCF-0 achieved higher ultimate axial load and higher ductility 309 
than Specimen RF-0. However, Specimen RF-0 achieved only 17% higher ultimate axial load 310 
than Specimen N-0. The increases in the ultimate axial load of Specimens HCF-0, VCF-0 and 311 
CF-0 were 121%, 119% and 119%, respectively, higher than the ultimate axial load of 312 
Specimen N-0. The increase in the ultimate axial load of Specimens CF-0, VCF-0 and HCF-0 313 
was mainly due to the increased cross-sectional area after circularization. Specimens HCF-0 314 
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and VCF-0 showed bilinear axial load-axial deformation curve with ascending branch in the 315 
second part in which the axial load increased after the yield. 316 
 317 
The axial load-axial deformation curve of Specimens RF-0 and CF-0 showed two peak axial 318 
loads because of the decrease in the axial load after the first peak load. The slight decrease in 319 
the axial load after the first peak axial load of Specimens RF-0 and CF-0 was because of the 320 
rate of confinement activation was less than the degradation in concrete due to the presence 321 
of the hole. The axial load of Specimen RF-0 decreased after the first peak axial load from 322 
1147 kN to 1084 kN. Then the axial load increased to the failure load of 1160 kN. The 323 
second peak axial load was only 1% higher than the first peak axial load. The axial load-axial 324 
deformation curve of Specimen CF-0 showed a slight decrease in the axial load after the first 325 
peak axial load where the axial load dropped from 1848 kN to 1826 kN. Then the axial load 326 
increased to the failure load of 2169 kN. The second peak axial load was 17% higher than the 327 
first peak axial load.  328 
 329 
Specimen HCF-0 showed the highest yield load followed by Specimen VCF-0. However, 330 
Specimen VCF-0 achieved slightly higher yield load than Specimen CF-0. The gain in the 331 
yield load of Specimen VCF-0 compared to Specimen CF-0 might be due to the presence of 332 
the longitudinal CFRP straps, which was attached on the sides of the square hollow column 333 
specimen. Tan (2002) and Li et al. (2006) also reported that the longitudinal FRP straps 334 
enhance the load carrying capacity of the axially loaded columns if adequately confined by 335 
transverse FRP. The axial load-axial deformation curve of Specimen VCF-0 showed an 336 
increase in the axial load after the yield load up to the failure load. The ultimate axial load 337 
was 43% higher than the yield axial load. The highest yield axial load of Specimen HCF-0 338 
was due to the confinement provided by the CFRP. However, a slight increase in the ultimate 339 
axial load achieved by Specimen HCF-0 compared to Specimen CF-0 was due to the sharp 340 
corners of the square column which might have led to premature rupturing of the CFRP. The 341 
axial load-axial deformation curve of Specimen HCF-0 showed an increase in the axial load 342 
after the yield load up to the failure load. The ultimate axial load was 34% higher than the 343 
yield axial load. The circularized specimens were considered to be more efficiently confined 344 
compared to the rounded corner specimen as the axial load increased after the yield load. The 345 
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ductility of Specimens RF-0, CF-0, VCF-0 and HCF-0 were 3.2, 4.3, 3.2 and 3.1 times, 346 
respectively, of the ductility of Specimen N-0 (Table 2). 347 
 348 
Table 3 reports the results of specimens tested under 25 mm eccentric axial loads. Fig. 10 349 
shows the axial load-axial deformation and axial load-lateral deformation behavior of the 25 350 
mm eccentrically loaded specimens. Specimen HCF-25 showed the highest ultimate axial 351 
load followed by the Specimen VCF-25, Specimen CF-25, and Specimen RF-25. The highest 352 
ultimate axial load of Specimen HCF-25 was due to wrapping the square hollow specimen 353 
with one layer of CFRP. The CFRP wrapping provided confinement in the compression side 354 
of Specimen HCF-25. While the higher ultimate axial load of Specimen VCF-25 than 355 
Specimen CF-25 was due to the contribution of the longitudinal CFRP straps in the tension 356 
side. The higher ultimate axial load of Specimen HCF-25 than Specimen VCF-25 might be 357 
because the most parts of concrete of the column specimens under 25 mm eccentric axial 358 
loads were under compression. Therefore, the contribution of the transverse CFRP in 359 
confining the concrete of Specimen HCF-25 in the compression side was more effective than 360 
the contribution of longitudinal CFRP straps in enhancing the tensile strength in the tension 361 
side of Specimen VCF-25. Specimen VCF-25 achieved the highest ductility followed by 362 
Specimen CF-25 and Specimen HCF-25 then Specimen RF-25. The ductility of Specimens 363 
RF-25, CF-25, VCF-25 and HCF-25 were 2.6, 4.7, 4.9 and 3.6 times, respectively, of the 364 
ductility of Specimen N-25 (Table 3). 365 
 366 
Tables 4 reports the results of the specimens tested under 50 mm eccentric axial compression. 367 
Fig. 11 shows the axial load-axial deformation and axial load-lateral deformation behavior of 368 
the 50 mm eccentrically loaded specimens. Specimen VCF-50 achieved the highest ultimate 369 
axial load followed by Specimen HCF-50, Specimen CF-50 and Specimen RF-50. The higher 370 
ultimate axial load of Specimen VCF-50 than Specimen HCF-50 might be because the most 371 
parts of concrete of the specimens under 50 mm eccentric axial loads were under tension. 372 
Therefore, the contribution of longitudinal CFRP straps in enhancing the tensile strength in 373 
the tension side of Specimen VCF-50 was more effective than the contribution of the 374 
transverse CFRP in confining the concrete of Specimen HCF-50 in the compression side. 375 
 376 
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Specimen VCF-50 showed different axial load-axial deformation behavior compared to the 377 
other eccentrically loaded specimens. After reaching the yield load, the axial load of 378 
Specimen VCF-50 decreased from 902 kN to 846 kN. Then the axial load increased up to the 379 
failure load of 975 kN. The behavior of Specimen VCF-50 was comparable to that of the 380 
concentrically loaded specimens and was due to the existence of the longitudinal CFRP 381 
straps. In other words, with the increase in the secondary bending moment, the longitudinal 382 
CFRP straps were activated in the tension side. The activation of the longitudinal CFRP 383 
straps was found to be significant after the yielding of compression concrete. It is clear that 384 
the load carrying capacity and the performance of the tested specimens decreased with the 385 
increase in the applied load eccentricity. Specimen VCF-50 achieved the highest ductility 386 
followed by Specimen CF-50, Specimen HCF-50, and Specimen RF-50. The ductility of 387 
Specimens RF-50, HCF-50, VCF-50 and CF-50 were 1.7, 2.8, 3.3 and 2.4 times, respectively, 388 
of the ductility of Specimen N-50 (Table 4). It is evident from Table 2-Table 4 that the 389 
ductility of the CFRP confined concrete specimens decreases with the increase in the load 390 
eccentricity. 391 
 392 
Table 5 summarizes results of the specimens tested under four-point loading. Fig. 12 shows 393 
the load-midspan deflection behavior of the specimens. Specimen VCF-F achieved the 394 
highest ultimate load followed by Specimen HCF-F, Specimen CF-F and Specimen RF-F. 395 
Specimen VCF-F showed three peak loads in the load-midspan deflection diagram. The three 396 
peak loads of Specimen VCF-F were due to the consequence of rupturing of the longitudinal 397 
CFRP straps bonded on the sides of the square hollow specimen. The first rupture of the 398 
CFRP straps, which was mainly in the longitudinal CFRP sheet at the bottom of the specimen 399 
in midspan, resulted in a sudden decrease in the load. Afterwards, the load increased with the 400 
increase in the midspan deflection until reaching the second peak load. Afterwards, the load 401 
dropped suddenly after the second rupture of the CFRP straps which was mainly in the 402 
longitudinal CFRP sheets at the bottom and at the sides of the specimen in midspan. Then, 403 
the load increased until failure. The load-midspan curves of all circularized and CFRP 404 
wrapped specimens showed an ascending branch after the yield. Specimen VCF-F achieved 405 
the highest ductility followed by Specimen CF-F, Specimen HCF-F, and Specimen RF-F. 406 
The ductility of Specimens RF-F, HCF-F, VCF-F and CF-F were 1.1, 1.4, 1.5 and 1.3 times, 407 
respectively, of the ductility of Specimen N-F (Table 5).  408 
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 409 
Effect of Circularization 410 
 411 
Circularization enhances the performance of the hollow square RC specimens in terms of 412 
strength and ductility. The circularized specimens showed a significant increase in the 413 
ultimate load. The significant increase in the ultimate load was mainly due to the enlargement 414 
of cross-section area and the increased level of the CFRP confinement due to the corner 415 
mitigation. The axial stress-axial deformation diagram of the concentrically loaded specimens 416 
was plotted to exclude the contribution of the cross-section area enlargement to the 417 
enhancement of the circularized specimens and to reveal the effect of the circularization only 418 
on the confinement efficiency. Fig. 13 shows the axial stress-axial deformation curves of the 419 
specimens tested under concentric axial compression. The ascending behavior of the axial 420 
stress-axial deformation curve of Specimens CF-0, VCF-0 and HCF-0 after yielding and also 421 
the higher ultimate axial stress of Specimens CF-0, VCF-0 and HCF-0 than Specimen RF-0 422 
confirm the attainment of enhanced confinement by circularization. Specimen RF-0 achieved 423 
yield strength of 41 MPa, which is similar to the yield strength of 43 MPa of Specimen CF-0. 424 
The similar yield strength revealed the insignificant effect of corners on the confinement 425 
efficiency of the CFRP wrapped hollow column specimens at yield. Specimen RF-0 achieved 426 
less yield strength than the yield strength of Specimen VCF-0, as Specimen VCF-0 was 427 
strengthened with longitudinal CFRP straps before the circularization. Specimen RF-0 428 
achieved less yield strength than the yield strength of Specimen HCF-0, as Specimen HCF-0 429 
was wrapped with one layer of CFRP before the circularization. 430 
 431 
The ultimate axial stress of Specimens HCF-0, VCF-0 and CF-0 were 1.4, 1.3 and 1.3 times, 432 
respectively, of the ultimate axial stress of Specimen N-0. The ultimate axial stress of 433 
Specimen RF-0 was 1.2 times of the ultimate axial stress of Specimen N-0. The effect of hole 434 
on the behavior of the hollow specimens is reduced after circularization especially when the 435 
square hollow specimen was bonded with longitudinal CFRP straps or transverse CFRP 436 
wrapping. However, bonding the square hollow specimen with longitudinal or transverse 437 
CFRP were more effective in enhancing the yield axial load rather than the ultimate axial 438 
load, as shown in Fig. 13 for Specimens HCF-0 and VCF-0. Specimens HCF-0 and VCF-0 439 
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were considered to be effectively confined as they showed increased axial load from the yield 440 
load up to the failure load. 441 
 442 
Axial Load and Bending Moment Interactions 443 
 444 
Eccentric load subjects the column specimen to axial load and bending moment. The axial 445 
load-bending moment interaction diagrams for the tested specimens were drawn in Fig. 14 to 446 
illustrate the effect of the load eccentricity on the behavior of the specimens. The 447 
experimental ultimate bending moment () at the ultimate axial load () at the midheight 448 
of the eccentrically loaded specimens was calculated as: 449 
 450 
=  (e + δ) (1) 
 451 
where δ is the lateral deformation corresponding to the ultimate axial load and e is the applied 452 
initial eccentricity. The experimental ultimate bending moment () at the ultimate load () 453 
at the midspan of the specimens tested under four-point loading was calculated as: 454 
 455 
= 


  (2) 
 456 
where ɑ (ɑ=233) is the length of span between the support and the loading point. 457 
 458 
It is clear from Fig. 14 that the load carrying capacity of all specimens was reduced with the 459 
increase of the bending moment. The circularized specimens achieved the highest ultimate 460 
axial load and bending moment. The presence of the longitudinal CFRP straps reduces the 461 
effect of bending moment on the ultimate load of Specimens VCF-25, Specimen VCF-50 and 462 
Specimen VCF-F. Hence, Specimens VCF-25, VCF-50 and VCF-F achieved the highest 463 
ultimate load and the highest bending moment compared to the corresponding specimens in 464 
Groups HCF, CF, RF and N.  465 
 466 
The theoretical axial load and bending moment of the tested specimens under concentric, 467 
eccentric and flexural loads were determined by using the equivalent rectangular stress block 468 
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according to AS 3600 (2009). The equivalent rectangular stress block is based on the strain 469 
compatibility in the concrete cross-section between steel bars and concrete. Eq. (3) was used 470 
to determine the area of concrete in compression for circular specimens. Eq. (4) and Eq. (5) 471 
were used to calculate the centroid of the concrete in compressive zone for circular specimens 472 
(Fig. 15). 473 
 474 
Ac = ( − )(/2)                                    (3) 
 475 
y =  ( )
!
"( # )
      For γ dn < D/2                             (4) 
 476 
y =  ( )
$
"(%# &	 '(  )
        For γ dn > D/2                            (5) 
 477 
where y, R and θ are as shown in Fig. 15. 478 
 479 
The capacity of the specimens under concentric axial compression was calculated as: 480 
  481 
                                                         Pa= 0.85 /'(´ (12#1)+  /41    
                                     (6) 
 482 
where /'(´  is the unconfined concrete strength, 12 is the gross-sectional area of column 483 
and  /4 is the yield strength of longitudinal steel bars, and 1 is the total area of longitudinal 484 
steel bars. 485 
 486 
The compressive strength of confined concrete was calculated based on the FRP confined 487 
concrete model proposed by Lam and Teng (2003) for circular and non-circular solid 488 
columns. 489 
  490 
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In this study, the Lam and Teng (2003) confinement model for solid columns was extended to 491 
determine the compressive strength of FRP confined hollow columns by multiplying with a 492 
coefficient 5 as in Fam and Rizkalla (2001) and Lignola et al. (2008): 493 
677´
678´
 = (1+9 9: 
  6;
678´
) * 5                                                            (7) 
 494 
5 = 1- <=
!
(>/)!
 
                                                              (8) 
For non-circular hole: 495 
  ri = ?@A(BC
 + ℎA(BC
                                                                       (9) 
 496 
where /''´  represents the compressive strength of FRP confined concrete,   /B represents the 497 
effective confining pressure, ri represents the equivalent radius of the inner hole, D represents 498 
the diameter of a column, 9:  represents the shape factor of non-circular columns, 9 was 499 
taken as 3.3 and @A(BC and ℎA(BC  are the length and width, respectively, of the non-circular 500 
cross-sectional hole. 501 
 502 
The effect of transverse CFRP around the square specimens in Group HCF was neglected due 503 
to the sharp corners of the square specimens. Therefore, the theoretical axial load and the 504 
bending moment of Specimens CF and HCF are the same. The effect of longitudinal CFRP 505 
straps was also neglected for concentrically loaded specimen in Group VCF. Table 6 shows 506 
the experimental and theoretical axial load and bending moment of the tested specimens. The 507 
larger difference in the experimental and theoretical load-bending moments for the specimens 508 
tested under four-point loading might be because the shear span of the circularized beam 509 
specimens was shorter than twice the effective depth of concrete cross section.  510 
 511 
Conclusions  512 
 513 
From the results of the experimental investigation of 20 hollow RC specimens carried out in 514 
this study, the following conclusions can be drawn: 515 
 516 
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1. Circularization proved to be an effective technique in strengthening square hollow RC 517 
specimens in terms of strength and ductility. 518 
2. Wrapping the square hollow RC specimens transversely with CFRP before circularization 519 
is more effective in enhancing the strength and ductility of the concentrically loaded 520 
circularized column than the eccentrically loaded circularized column. 521 
3. Bonding longitudinal CFRP straps on the sides of the square hollow RC specimens before 522 
circularization increased the strength and ductility of the eccentrically loaded circularized 523 
hollow RC specimens. 524 
4. Circularization and rounding the corners technique enhanced the strength and ductility of 525 
the square hollow RC specimens. However, the circularization is more effective in 526 
improving the behavior of the hollow RC specimens after the yield load. 527 
5. The circularized specimens (specimens in Groups CF, VCF and HCF) achieved the 528 
highest axial load and bending moment followed by the rounded corner CFRP wrapped 529 
specimens (specimens in Group RF) under eccentric axial loads. 530 
6. Bonding the specimens with longitudinal CFRP straps (specimens in Group VCF) 531 
increases the load carrying capacity and bending moment of the specimens under eccentric 532 
axial loads. 533 
 534 
The above conclusions are based on experimental investigations of 20 hollow RC specimens 535 
with an unsupported wall length to thickness ratio of 1. Hence, the conclusions may not be 536 
directly applicable for the behavior of thin wall RC hollow columns with an unsupported wall 537 
length to thickness ratio higher than 1. 538 
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Table 1. Test matrix 
Specimen 
strengthening 
square 
specimen 
with CFRP 
Cross-
section  
(mm) 
Gross 
concrete 
area 
(mm
2
) 
 
Height 
(mm) 
Modification 
External 
wrapping 
with CFRP  
Eccentricit
y 
(mm) 
 
N-0 
N-25 
N-50 
N-F 
 
 
_ 
 
150x150 
 
 
 
19547 
 
800 
 
 
 
None 
 
 
 
 
_ 
 
0 
25 
50 
Four-point 
loading 
 
RF-0 
RF-25 
RF-50 
RF-F 
_ 150x150 19204 800 
 
 
20-mm 
rounded 
corners  
Wrapping 
with two 
layers of 
CFRP 
 
0 
25 
50 
Four-point 
loading 
 
CF-0 
CF-25 
CF-50 
CF-F 
 
 
_ 
 
Φ 212 
 
32360 
 
800 
 
 
Circularization 
by bonding 
four precast 
concrete 
segments 
 
Wrapping 
with two 
layers of 
CFRP 
 
0 
25 
50 
Four-point 
loading 
VCF-0 
VCF-25 
VCF-50 
VCF-F 
Bonding 
longitudinal 
CFRP straps 
one on each 
side 
Φ 212  32360 800 
Circularization 
by bonding 
four precast  
concrete 
segments  
Wrapping 
with two 
layers of 
CFRP 
0 
25 
50 
Four-point 
loading 
 
HCF-0 
HCF-25 
HCF-50 
HCF-F 
Wrapping 
with one 
layer of 
CFRP 
Φ 212  32360 800 
 
Circularization 
by bonding 
four precast 
concrete 
segments  
Wrapping 
with two 
layers of 
CFRP 
 
0 
25 
50 
Four-point 
loading 
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Table 2. Results of the concentrically loaded specimens 
Specimen N-0 RF-0 CF-0 VCF-0 HCF-0 
Axial load at yield (kN) 800 800 1403 1508 1631 
Axial deformation at yield (mm)   2.2 2.2 2.3 2.5 2.4 
Ultimate axial load (kN) 989 1160 2169 2162 2190 
Axial deformation at ultimate axial load (mm) 2.5 9.5 12.7 10.5 9.8 
Ductility 1.4 4.4 5.9 4.4 4.2 
Increase in the ultimate axial load relative to the 
reference specimen (%) 
_ 17 119 119 121 
 
27 
 
  690 
Table 3. Results of the 25 mm eccentrically loaded specimens 
Specimen N-25 RF-25 CF-25 VCF-25 HCF-25 
Axial load at yield (kN) 582 610 985 1011 1045 
Axial deformation at yield (mm) 2.2 2.4 2.5 2.3 2.9 
Axial load at ultimate load (kN) 642 692 1209 1279 1409 
Axial deformation at ultimate axial load (mm) 2.4 3 6.2 5.7 4.2 
Lateral deflection at ultimate axial load (mm) 2.3 4 9 8.6 5 
Ductility 1.2 3.1 5.6 5.8 4.3 
Increase in the ultimate axial load relative to 
the reference specimen (%) 
_ 8 88 99 120 
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Table 4. Results of the 50 mm eccentrically loaded specimens 
Specimen N-50 RF-50 CF-50 VCF-50 HCF-50 
Axial load at yield (kN) 315 460 680 726 741 
Axial deformation at yield (mm) 2.1 2.9 2.4 2.5 2.7 
Ultimate axial load (kN) 393 505 885 975 955 
Axial deformation at ultimate axial load (mm) 2.7 3.4 3.5 9.7 4.2 
Lateral deflection at ultimate axial load (mm) 4 5 5 12.5 5.5 
Ductility 1.5 2.6 4.2 4.9 3.6 
Increase in the ultimate axial load relative to 
the reference specimen (%) 
_ 29 125 148 143 
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Table 5. Results of specimens tested under four-point loading 
 
Specimen N-F RF-F CF-F VCF-F HCF-F 
Yield load (kN) 116 113 158 270 188 
Midspan deflection at yield (mm) 4.2 4.3 4.5 3.0 4.2 
Ultimate load (kN) 139 162 263 338 278 
Midspan deflection at ultimate load (mm) 7.6 21 32 19 21.5 
Ductility 6.2 6.8 8.4 9.4 8.0 
Increase in the ultimate load relative to the 
reference specimen (%) 
_ 17 89 143 100 
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Table 6. Theoretical and Experimental Results of specimens tested under different loading 
eccentricities 
Specimen Load (kN) Theo./exp. 
(%) 
Bending moment (kN-m) Theo./exp. 
(%) 
 
Experimental Theoretical Experimental Theoretical 
N-0 989 1039 1.05 - - 
 
N-25 642 641 1.00 17.5 16 0.91 
N-50 393 431 1.10 21.3 21.5 1.01 
N-F - - - 16 15 0.94 
RF-0 1160 1097 0.95 - - - 
RF-25 692 709 1.02 20 17.7 0.89 
RF-50 505 489 0.97 27.5 24.5 0.89 
RF-F - - - 19 15.3 0.81 
CF-0 2169 1865 0.86 - - - 
CF-25 1209 1207 1.00 41 30.5 0.73 
CF-50 885 832 0.94 48.5 42 0.87 
CF-F - - - 30.5 21.5 0.70 
VCF-0 2162 1865 0.86 - - - 
VCF-25 1279 1229 0.96 43 31.5 0.73 
VCF-50 975 867 0.89 61 43 0.71 
VCF-F - - - 40 30 0.75 
HCF-0 2190 1865 0.85 - - - 
HCF-25 1409 1207 0.86 42.5 30.5 0.73 
HCF-50 955 832 0.87 53 42 0.80 
HCF-F - - - 32.5 21.5 0.66 
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Fig. 3. Specimen preparation 
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Fig. 4. Loading systems and instruments: (a) loading on circular column; 
(b) loading on square column; (c) flexural loading system of circular beam; 
and (d) flexural loading system of square beam. 
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Fig. 5. Failure modes of the specimens tested under concentric axial load    
 
Fig. 6. Failure modes of the specimens tested under eccentric axial 
load (e = 25 mm)
 
Fig. 7. Failure modes of the specimens tested under eccentric axial 
load (e = 50 mm) 
 
 
 
 
  
 
Fig. 8. Failure modes of the specimens tested under four-point loading 
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Fig. 9. Axial load–axial deformation diagrams of the specimens tested under 
concentric axial compression 
            CF-0 
            VCF-0 
            HCF-0 
            RF-0 
             N-0 
 
0
500
1000
1500
2000
2500
-80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40
A
xi
al
 L
oa
d 
(k
N
)
Axial Deformation (mm)
Fig. 10. Axial load–deformation diagrams of the specimens tested under eccentric 
axial compression (e = 25 mm) 
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Fig. 11. Axial load–deformation diagrams of the specimens tested under eccentric 
axial compression (e = 50 mm) 
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Fig. 12. Load–midspan deflection diagrams of the specimens tested 
under four-point loading 
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Fig. 13. Axial stress-axial deformation behavior of the specimens tested under 
concentric axial compression excluding cross-sectional area enlargement. 
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(a)  Axial load-bending moment interaction diagrams  
(b) Normalized axial load-bending moment interaction diagrams 
Note: Pu is the ultimate axial load, Mu is the ultimate bending moment, Ag is the gross 
section area, f’c is the compressive strength of concrete, D is the diameter of circular 
specimens and h is the side length of the cross section of square specimens 
Fig. 14. Experimental axial load-bending moment interaction diagrams of the tested 
specimens. 
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